Hydroxyeicosatetraenoic acid (20-HETE), Cyp4a-derived eicosanoid, is a lipid mediator that promotes tumor growth, as well as causing detrimental effects in cerebral circulation. We determined whether concurrent inhibition of cyclooxygenase-2 (COX-2) and 20-HETE affects colon tumor growth and ischemic stroke outcomes. The expression of Cyp4a and COXs and production of 20-HETE and PGE2 were determined in murine colon carcinoma (MC38) cells. We then examined the effects of combined treatment with rofecoxib, a potent COX-2 inhibitor, and HET0016, a potent Cyp4a inhibitor, on the growth and proliferation of MC38 cells. Subsequently, we tested the effects of HET0016 plus rofecoxib in MC38 tumor and ischemic stroke models. Cyp4a and COXs are highly expressed in MC38 cells. Respectively, HET0016 and rofecoxib inhibited 20-HETE and PGE2 formation in MC38 cells. Moreover, rofecoxib combined with HET0016 had greater inhibitory effects on the growth and proliferation of MC38 cells than did rofecoxib alone. Importantly, rofecoxib combined with HET0016 provided greater inhibition on tumor growth than did rofecoxib alone in MC38 tumor-bearing mice. Prolonged treatment with rofecoxib selectively induced circulating 20-HETE levels and caused cerebrovascular damage after ischemic stroke, whereas therapy with rofecoxib and HET0016 attenuated 20-HETE levels and reduced rofecoxib-induced cerebrovascular damage and stroke outcomes during anti-tumor therapy. Thus these results demonstrate that combination therapy with rofecoxib and HET0016 provides a new treatment of colon tumor, which can not only enhance the anti-tumor efficacy of rofecoxib, but also reduce rofecoxib-induced cerebrovascular damage and stroke outcomes.
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Based on strong data that cyclooxygenase (COX)-2 is the major enzyme for the production of inflammatory PGE 2 and PGI 2 , and that COX-1 is a key enzyme in the production of cytoprotective PGs in the stomach (9) , the Food and Drug Administration has approved the use of three coxibs: rofecoxib, celecoxib, and valdecoxib. Clinically, nonsteroidal anti-inflammatory drugs (NSAIDs) are the primary choice for the treatment of inflammation (19) . However, use of conventional NSAIDs is often associated with significant gastrointestinal complications, such as ulcers and bleeding. Coxibs were developed to reduce the side effects of NSAIDs (9) . While substantial evidence from clinical trials [Adenoma Prevention with Celecoxib (APC), Adenomatous Polyp Prevention on Vioxx (APPROVe), and Prevention of Colorectal Sporadic Adenomatous Polyps (PRESAP) trial] demonstrates that coxibs reduce and prevent the incidence of CRC (3) (4) (5) , long-term use of rofecoxib is also associated with an increased risk of side effects, including stroke and cardiovascular events (5) . Consequently, rofecoxib (Vioxx) and valdecoxib were withdrawn from the market; clinical trials of the use of rofecoxib were stopped in 2004. Currently, celecoxib (Celebrex), which is less potent than rofecoxib, is the only coxib on the market. Thus the current unmet need in this field is to develop a new strategy that can not only enhance the efficacy of coxibs, but also reduce coxib-induced cerebrovascular damage.
20-Hydroxyeicosatetraenoic acid (20-HETE), the -hydroxylation product of arachidonic acid (AA), is a lipid mediator in cerebral microvasculature and has detrimental effects on cerebral circulation (8, 23, 29, 33, 43) . In addition, several studies have demonstrated that 20-HETE acts as a mitogenic and angiogenic factor that promotes the growth of different types of tumors (1, 12, 45) . In the present study, we determined whether concurrent inhibition of COX-2 and 20-HETE affects colon tumor growth and ischemic stroke outcomes.
METHODS
Animals. Eight-week-old male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). All mice were maintained on a 12:12-h light-dark cycle and were housed five mice to a cage. All animal protocols were approved by the Institutional Animal Care and Use Committee and were in accord with the requirements of the National Research Council Guide for the Care and Use of Laboratory Animals.
Cell culture of MC38 cells, HCMECL, RBMEC, and NCM460. Murine colon carcinoma (MC38) cells were obtained from Dr. Michael R. Shurin (University of Pittsburgh, Pittsburgh, PA). MC38 cells were maintained in complete medium consisting of DMEM supplemented with 10% heat-inactivated FBS, 100 mg/ml streptomycin, and 100 U/ml penicillin in a humidified incubator at 37°C with 5% CO2. Subconfluent cultured cells were harvested by washing T-75 flasks two times with Ca 2ϩ -and Mg 2ϩ -free Earl's balanced salts, followed by 2-min incubation with 0.25% trypsin-EDTA (Life Technologies, Grand Island, NY) at 37°C. A human cerebral microvascular endothelial cell line (HCMECL) was obtained from Dr. Jason Zastre (University of Georgia, Athens, GA). Primary rat brain microvascular endothelial cells (RBMEC) were prepared as described previously (30) . HCMECL and RBMEC were maintained in MCDB-131 complete medium (VEC Technologies, Rensselaer, NY). NCM460, a normal human colon mucosal epithelial cell line, cells were obtained from Dr. Kebin Liu (Georgia Regents University) and were maintained in RPMI-1640 medium (Corning Cellgro, Manassas, VA).
Measurement of 20-HETE and PGE2 levels in the media and cell lysates of MC38 cells. MC38 cells were collected using 0.25% trypsin-EDTA. After centrifugation, a cell pallet was resuspended in 300 l of PBS. Cell lysates were generated by brief sonication. The concentrations of 20-HETE in media and cell lysates were determined by liquid chromatography-tandem mass spectrometry (LC/MS/MS) using 15(S)-HETE-d8 as an internal standard, as described previously (7) . The media and cell lysates were collected for PGE 2 measurement. The concentrations of PGE 2 in media and cell lysates were determined by an ELISA kit (Cayman Chemical, Ann Arbor, MI), according to the manufacturer's instructions.
Western blot analysis. Expression of Cyp4a, COXs, ␤-actin, and GADPH was analyzed by Western blot analysis using the lysates of MC38 cells, HCMECL, and RBMEC, as well as homogenates of mouse brain microvessels (MBM) and normal mouse colon samples. Identical amounts of protein samples were separated by NuPAGE 4 -12% Bis-Tris gel (Invitrogen, Carlsbad, CA) at 125 V for 3 h. Our laboratory has previously described the detailed procedures for transfer, blocking, and washing the samples (7 . According to the manufacturer's instruction, this Cyp4a antibody can recognize human, rat, and mouse Cyp4a isoforms. Similarly, the COX-1 and COX-2 antibody can recognize human, rat, and mouse COX-1 and COX-2, respectively. The membranes were incubated with secondary antibody for Cyp4a, COX-1, COX-2, ␤-actin, or GAPDH. We developed the immunoblots using an ECL detection kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Measurement of cell proliferation of MC38 and NCM460 cells by counting cell numbers. For cell growth experiments, cells were seeded onto six-well plates at a density of 2.5 ϫ 10 5 cells/well. Cell growth of MC38 and NCM460 was followed 48 h after seeding with serumfree medium containing epidermal growth factor (EGF) (200 ng/ml) in the presence or absence of various concentrations of HET0016 (Cayman Chemical), rofecoxib (Toronto Research Chemicals), or HET0016 ϩ rofecoxib. HET0016 and rofecoxib were dissolved in EtOH; an equal volume of EtOH was used as vehicle control. After 48 h of treatment, cells were collected using 0.25% trypsin-EDTA and counted using a hemocytometer.
Measurement of cell proliferation of MC38 and NCM460 cells by bromodeoxyuridine ELISA assay. MC38 cells were seeded at a density of 5 ϫ 10 3 cells/well in 10% FBS/DMEM in 96-well plates, and NCM460 cells were maintained in 10% FBS/RPMI-1640 in 96-well plates. The next day, 10% FBS medium was removed and replaced with serum-free medium containing EGF (200 ng/ml) in the presence or absence of various concentrations of HET0016, rofecoxib, or HET0016 ϩ rofecoxib for 48 h. Bromodeoxyuridine (BrdU) ELISA assay was done using an ELISA kit (CycLex, Nagano, Japan). Briefly, 3 h before assay, BrdU (10 M final concentration) was added to the 96-well plates containing MC38 cells or NCM460 cells given different incubation conditions. After 3 h of incubation, the culture medium was removed and fixed with fixing/denaturing solution (200 l/well) at room temperature for 30 min. After removing fixing/denaturing solution, plates were incubated with monoclonal anti-BrdU antibody (50 l/well) at room temperature for 1 h. Plates were washed five times with wash buffer (200 l/well) and then incubated with the secondary antibody (50 l/well) at room temperature for 1 h. After removing the secondary antibody and doing a second wash procedure, plates were incubated with substrate reagent (50 l/well) at room temperature for 15 min in the dark. The reaction was then stopped by adding stop solution (50 l/well). The absorbance in each well was measured using a Tecan GENios Plus microplate reader at dual wavelengths of 450/540 nm.
Measurement of tumor growth in vivo. We subcutaneously injected 8-wk-old male C57BL/6J mice with MC38 cells (1.4 ϫ 10 6 cells/ mouse) to induce colon tumor. MC38 colon tumor-bearing mice were divided into vehicle, HET0016 (5 mg·kg Ϫ1 ·day Ϫ1 or 10 mg·kg Ϫ1 ·day Ϫ1 ip), rofecoxib (50 mg/l in drinking water), or HET0016 ϩ rofecoxib. All treatments were done for 21 days. Rofecoxib (50 mg/l) was suspended in drinking water containing 1% (vol/vol) PEG 400 (Sigma-Aldrich) and 0.5% (wt/vol) 2-hydroxypropyl-␤-cyclodextrin (Sigma-Aldrich). The formula and dose of rofecoxib were prepared according to a previous publication (21) . Tumor growth rates were monitored by measuring tumor volume with a sliding caliper on day 9 or day 18 after cell implantation. The volumes of tumors were calculated from the major dimension (L) and minor dimension (S), using the equation: tumor volume ϭ L ϫ (S) 2 /2, as described previously (16) .
Measurement of 20-HETE and other eicosanoids in plasma samples by LC/MS/MS analysis. MC38 tumor mice were divided into three treatment groups and treated for 3 wk with the following: rofecoxib (50 mg/l), rofecoxib (50 mg/l) plus HET0016 (5 mg·kg Ϫ1 ·day Ϫ1 ip), or vehicle. The formula and doses of rofecoxib and HET0016 were based on previous publications (21, 25) .
After 3 wk of different treatments, MC38 tumor mice were anesthetized with 2% isoflurane delivered by an anesthesia apparatus. About 0.6 ml of venous blood was collected from mice using a 1-ml syringe containing sodium citrate. The samples were centrifuged at 2,400 g for 15 min to obtain platelet-free plasma. To stabilize eicosanoids in plasma samples, 10-l combinations of antioxidants [EDTA (0.2 mg/l), butylated hydroxytoluene (0.2 mg/l), and triphenyphosphine (2 mg/l)] were added to each plasma sample. The plasma samples were stored at Ϫ80°C until LC/MS/MS analysis. Plasma samples were spiked with 10 ng of 15(S)-HETE-d8, applied to preconditioned SEP-Pak C18 cartridges (100 mg adsorbent, Waters), and washed with water followed by hexane. Eicosanoids were eluted with 500 l of ethyl acetate-hexane (3:1). The eluate was dried under nitrogen and reconstituted in methanol-aqueous ammonium acetate (25 mM) (7:3). The extracted and reconstituted sample was subjected to HPLC (Shimadzu Prominence XR system) on a Max-RP C18 column (2 ϫ 150 mm, 3 m, Phenomenex) isocratically eluted with methanol-aqueous ammonium acetate (13 mM) (8:2) at a flow rate of 0.4 ml/min. The eluent was monitored for 20-HETE, epoxyeicosatrienoic acids (EETs) (5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET), dihydroxyeicosatrienoic acids (DHETs) (5,6-DHET, 8,9-DHET, 11,12-DHET, 14,15-DHET), 5-HETE, 8-HETE, 11-HETE, 15-HETE, PGJ 2, PGE2, thromboxane (Tx) B2, and 15-keto-PGE2 by mass spectrometer (QTRAP5500, ABSCIEX) in the negative ion mode using multiple reaction monitoring under optimized conditions. 15(S)-HETE-d 8 was used as the internal standard for recovery and quantitation. The concentrations of eicosanoids were determined by comparing the ratio of ion intensity of each eicosanoid vs. that of 15(S)-HETE-d8, as described previously (7, 22) .
Assessment of neurovascular injury and functional outcome after ischemic stroke. MC38 tumor mice were divided into three treatment groups and treated for 3 wk with the following: rofecoxib (50 mg/l), rofecoxib (50 mg/l) plus HET0016 (5 mg·kg Ϫ1 ·day Ϫ1 ip), or vehicle. We also used age-matched non-tumor mice as control. At the end of the treatment period, mice were subjected to thromboembolic stroke. Under isoflurane anesthesia, the right common carotid artery, the right external carotid artery, and the right internal carotid artery were exposed through a middle incision on the ventral side of the neck. A PE10 catheter containing a fibrin-rich clot was gently inserted from the external carotid artery stump into the distal internal carotid artery just proximal to the origin of the middle cerebral artery. Each clot (ϳ1 cm), prepared from a donor mouse, was injected with 75 l of sterile PBS; after 2 min, the catheter was withdrawn as described previously (14) . Occlusion was confirmed by a Ն70% drop in cerebral blood flow compared with the preischemic value. The success rate of thromboembolic middle cerebral artery occlusion was 95% based on changes in cerebral blood flow.
At day 3 after surgery, mice were first evaluated for functional outcome and then killed for evaluation of neurovascular injury, including infarct size and bleeding. Extracted brains were analyzed for infarct size in coronal slices of 2 mm thickness, labeled A-G, front to back. Hemorrhagic transformation (HT), secondary bleeding into the brain after ischemic stroke, was evaluated by the presence of visible macroscopic bleeding and measured in a binary fashion: yes or no. Number of animals that had HT was reported per group. 2,3,5-Triphenyltetrazolium chloride, a mitochondria stain, was used to outline the infarct area. The captured images were numerically labeled and analyzed using specialized KS300 software. Infarct size was expressed as a percentage of the contralateral hemisphere. Neurological deficits in mice given different treatments were assessed at 24 and 72 h after stroke, using a 5-point scale for scoring: 0, no deficit; 1, forelimb flexion deficit on contralateral side; 2, decreased resistance to lateral push and torso turning to the ipsilateral side when held by tail; 3, significant circling to the affected side and reduced capability to bear weight on the affected side; and 4, rarely moved spontaneously and preferred to stay at rest.
Statistical analysis. All values are expressed as means Ϯ SE. All data were analyzed by GraphPad Instat Software (LaJolla, CA). We used one-way ANOVA and Tukey-Kramer tests for multiple comparisons or independent Student's t-test for unpaired groups. Bleeding was analyzed by Fisher's exact test. Statistical significance was set at P Ͻ 0.05 or 0.01.
RESULTS

Cyp4a expression and 20-HETE production in MC38 cells.
It is well established that Cyp4a isoforms are important for the production of 20-HETE (34) . To determine whether MC38, the murine colon carcinoma, cells have the capacity to synthesize 20-HETE, cell lysates were prepared from MC38 cells for Western blot analysis. We used normal mouse colon tissue homogenates as a control. Intriguingly, the expression of Cyp4a is absent in normal colon tissue, whereas its expression is upregulated in MC38 cells (Fig. 1A) .
To test whether 20-HETE production occurs in MC38 cells, we determined 20-HETE levels in the lysates and media of cultured MC38 cells. We detected 20-HETE predominantly in the cell media and found much lower amounts in cell lysates (Fig. 1B) . To determine the effect of HET0016, the selective inhibitor of Cyp4a enzymes, on 20-HETE production, we incubated MC38 cells with HET0016 (1 M) or vehicle. We found that HET0016 was effectively to block 20-HETE production in the media of cultured MC38 cells (Fig. 1C) .
COX-2 expression and PGE 2 production in MC38 cells. To determine whether MC38 cells have the capacity to generate PGs, we did Western blot analysis of COX enzymes in the lysates of MC38 cells. MC38 cell lysates contained a 72-kDa protein that cross-reacted with COX-2 antibody ( Fig. 2A) , which is in agreement with a previous report that COX-2 is expressed in MC38 cells (17) . Similarly, COX-1 is also expressed in MC38 cells. Experiments were also done to compare PGE 2 production in MC38 cells. PGE 2 was detected mainly in (Fig. 2B) . Moreover, we found that rofecoxib dose dependently inhibited PGE 2 production in MC38 cells (Fig. 2C) , indicating that rofecoxib effectively blocks PGs synthesis in these cells.
Combination of rofecoxib with HET0016 causes an additive inhibitory effect on the growth and proliferation of MC38 cells.
It is well known that HET0016 avidly binds to serum proteins (13) . To determine whether HET0016 alters the inhibitory effects of rofecoxib on the proliferation of colon cancer cells, MC38 cells were cultured in serum-free medium. The growth of these cells was stimulated with EGF, a mitogen of many cells, at a concentration of 200 ng/ml, as described previously (13) . Using the same culture conditions as those described earlier, both HET0016 alone (Fig. 3A) and rofecoxib alone (Fig. 3B) (Fig. 3C) .
To confirm the effects of rofecoxib and HET0016 on the proliferation of colon cancer cells, MC38 cells were cultured in serum-free medium with added EGF (200 ng/ml). The effects of HET0016 alone, rofecoxib alone, and HET0016 ϩ rofecoxib on the proliferation of MC38 cells were determined by assessing the incorporation of a thymidine analog, BrdU. HET0016 alone (Fig. 4A) concentration-dependently inhibited the incorporation of BrdU. Rofecoxib at 1 M significantly inhibited BrdU incorporation (Fig. 4B) . Notably, HET0016 (1 M) ϩ rofecoxib (1 M), compared with rofecoxib alone, displayed an enhanced inhibitory effect on BrdU incorporation (Fig. 4C ). These results demonstrate that inhibition of 20-HETE enhances the inhibitory effect of rofecoxib on the proliferation of MC38 cells.
In complementary experiments, we determined whether HET0016, rofecoxib, or HET0016 ϩ rofecoxib affect the proliferation of a normal human colon mucosal epithelial cell line, NCM460 cells. We found that neither HET0016 or rofecobix alone nor HET0016 ϩ rofecoxib affected cell growth (Fig. 5A ) and BrdU incorporation (Fig. 5B) cell proliferation by counting cell numbers was determined as described in Fig. 3 . B: BrdU incorporation was determined using an ELISA kit as described in Fig. 4 . Values are means Ϯ SE; n ϭ 4 (A), n ϭ 5 (B). affect tumor size on day 9 postimplantation, but dose dependently reduced tumor size on day 18 postimplantation (Fig. 6A) . Treatment with rofecoxib significantly reduced tumor size on both day 9 and day 18 postimplantation (Fig. 6B) . Interestingly, on days 9 and 18 postimplantation, treatment with HET0016 ϩ rofecoxib increased the inhibition of tumor growth achieved with rofecoxib alone (Fig. 6B) , clearly demonstrating that inhibition of 20-HETE enhances the anti-tumor efficacy of rofecoxib in MC38 tumor-bearing mice.
In a complementary experiment, we determined the water intake and body weight of mice treated with water, vehicle, and rofecoxib (50 mg/l). We found that neither vehicle (3.02 Ϯ 0.17 vs. 3.16 Ϯ 0.16 ml·24 h Ϫ1 ·mouse Ϫ1 , n ϭ 5) nor rofecoxib (3.07 Ϯ 0.1 vs. 3.16 Ϯ 0.16 ml·24 h Ϫ1 ·mouse Ϫ1 , n ϭ 5) treatment affected water intake. Likewise, there is no significant change of body weight among water (24 Ϯ 1.63 g/mouse, n ϭ 5), vehicle (23.8 Ϯ 1.1 g/mouse, n ϭ 5), and rofecoxib (24.5 Ϯ 1.0 g/mouse, n ϭ 5) groups. These results indicate that neither vehicle nor rofecoxib treatment has significant impact on eating/drinking habits.
Prolonged treatment with rofecoxib selectively increases circulating 20-HETE levels in MC38 colon tumor-bearing mice.
To determine whether treatment with rofecoxib and rofecoxib ϩ HET0016 affects circulating 20-HETE levels during anti-tumor therapy, we measured the levels of plasma 20-HETE and other eicosanoids in MC38 tumor mice given different treatments. As shown in Fig. 7 , rofecoxib selectively increased 20-HETE levels in MC38 tumor mice. It is possible that the increased 20-HETE levels were caused by elevation of the substrate, AA, after blocking COX-2. However, we found no significant changes in levels of EETs/DHETs, 5-HETE, 8-HETE, 11-HETE, or 15-HETE after rofecoxib treatment (Fig. 7A) . Notably, HET0016 selectively reduced plasma 20-HETE levels without affecting EETs/DHETs, 5-HETE, 8-HETE, 11-HETE, or 15-HETE in MC38 tumor mice (Fig.  7A) . To exclude that HET0016 affects COX pathway, we determined plasma PGs levels after HET0016 treatment. HET0016 did not affect plasma PGJ 2 , PGE 2 , TxB 2 , and 15-keto-PGE 2 levels (Fig. 7B) , suggesting that HET0016 does not alter COX pathway in vivo. These results demonstrate that prolonged treatment with rofecoxib selectively induces circulating 20-HETE levels. To exclude the possibility that rofecoxib affects the expression of 20-HETE synthesizing enzyme, we determined the expression of Cyp4a in the liver and kidney. Rofecoxib had no effect on Cyp4a expression (Fig. 7C) , suggesting that rofecoxib does not affect 20-HETE levels through altering the expression of Cyp4a levels.
Expression of COX-1, COX-2, and Cyp4a in HCMECL, primary RBMEC, and MBM. It is possible that increased circulating 20-HETE levels by rofecoxib are a result of a decrease in metabolism by COX-2 because 20-HETE can be metabolized by COX enzymes (6, 28, 37) . To investigate whether the cerebrovasculature has the capacity to synthesize and metabolize 20-HETE, we determined the expression of COX-1, COX-2, and Cyp4a in HCMECL, primary RBMEC, and MBM. We found that COX-1 (ϳ70 kDa), COX-2 (ϳ72 kDa), and Cyp4a (ϳ52 kDa) were expressed in HCMECL (Fig. 8A) , primary RBMEC (Fig. 8B) , and MBM (Fig. 8C) . These results provide evidence that the cerebrovasculature is involved in the synthesis and metabolism of 20-HETE across species.
Combined treatment with rofecoxib and HET0016 reduces the adverse effects of rofecoxib on ischemic stroke. Since chronic treatment with rofecoxib significantly increased plasma 20-HETE levels (Fig. 7A) , we investigated whether cotreatment with 20-HETE inhibitor would alter the adverse effects of rofecoxib on ischemic stroke during anti-tumor therapy. MC38 colon tumor-bearing mice treated with vehicle, rofecoxib, or rofecoxib plus HET0016, as well as control mice (nontumor), were subjected to ischemic stroke using a modified thromboembolic model that closely mimics ischemiareperfusion injury in patients with acute ischemic stroke. We found that cerebrovascular damage was significantly increased after ischemic stroke in the rofecoxib-treated group, as shown by an 80% occurrence rate of bleeding as opposed to no visible bleeding in the other groups (Fig. 9A) . In addition, mortality was ϳ30% in the rofecoxib group compared with 15% in other groups, indicating that rofecoxib had deleterious effects on the brain during anti-tumor therapy.
We also found that rofecoxib reduced the size of infarcts compared with those in control mice. There was a trend toward further decrease in infarction size with HET0016 treatment (Fig. 9B) . Although there appeared to be a decrease in infarct size in the vehicle-treated tumor mice, this did not reach statistical significance (Fig. 9B) . Despite reduced infarct size, neurological deficit scores were higher in the rofecoxib group. However, treatment with rofecoxib ϩ HET0016 significantly improved functional outcome (Fig. 9C) . Thus combination treatment with HET0016 and rofecoxib significantly reduced the rofecoxib-induced adverse stroke events during anti-tumor therapy.
DISCUSSION
Although substantial evidence from APC, APPROVe, and PreSAP clinical trials demonstrates that coxibs reduce the incidence of CRC or even prevent it (3-5), the increased risk of side effects, including stroke and cardiovascular events, stopped the use of coxibs as cancer preventive agents. The prevailing theory to explain the adverse cardiovascular effects of coxibs is that they reduce the production of PGI 2 , a potent inhibitor of platelet aggregation, but do not affect the production of TxA 2 , a potent platelet-aggregating agent (9) . Thus stroke and the cardiovascular complications caused by coxibs might be a consequence of a shifting balance between the levels of PGI 2 and TxA 2 (10) . Although this theory is attractive, it cannot fully explain why other nonselective COX inhibitors, including diclofenac, ibuprofen, naproxen, and indomethacin, also significantly increase the risk of side effects (21) . Hence, more complex mechanisms may be responsible for the coxib-induced side effects.
Interestingly, Liu et al. (21) recently reported that chronic administration of rofecoxib greatly increases 20-HETE levels without affecting other eicosanoid pathways. 20-HETE has well-characterized detrimental effects on cerebral circulation (33) , and it promotes the growth of tumors in the brain (13), kidney (1), and lung (45) . Since 20-HETE inhibitor effectively blocks tumor growth and reduces detrimental effects in cerebral circulation, we hypothesized that cotreatment with COX-2 and 20-HETE inhibitor could be a novel strategy, not only enhancing the anti-tumor efficacy of coxibs, but also attenuat- ing the adverse effects of stroke induced by prolonged treatment with coxibs.
To determine the role of 20-HETE in colon cancer, we addressed the following questions. Is 20-HETE produced in colon cancer cells? If so, what is the action of 20-HETE in these cells? In addressing these questions, we found that the expression of Cyp4a is absence in normal colon tissue, whereas its expression is upregulated in colon carcinoma cells (Fig. 1A) . These results suggest that increasing 20-HETE may play important role in CRC development because previous reports have shown that 20-HETE not only promotes the proliferation of renal adenocarcinoma cells (1) and human glioma cells (12) , but also stimulates angiogenesis in non-small lung cancer cells (45) . Further investigation is needed to determine whether Cyp4a is also upregulated in human colon cell lines and whether 20-HETE inhibitor is effective to block human colon tumor growth. Interestingly, a previous report (15) has demonstrated that the expression of Cyp epoxygenase 2J2 is undetectable in normal tissues, whereas its expression is upregulated in human carcinoma tissues. The exact mechanisms whereby the upregulation of Cyp4a and Cyp2J2 occurs in cancer tissues are still not clear, and it is required for further investigation.
To the best of our knowledge, the present study is the first to show that 20-HETE is produced in MC38 cells (Fig. 1) . It is well known that 20-HETE synthesis is primarily catalyzed by the Cyp4a gene family (34) . In the mouse, four isoforms have been identified: Cyp4a10, Cyp4a12a, Cyp4a12b, and Cyp4a14. Using baculovirus and Sf9 insect cells, Muller et al. (26) , in a study of the hydroxylation of AA by mouse Cyp4a isoforms, demonstrated that AA -hydroxylation is catalyzed by Cyp4a10, Cyp4a12a, and Cyp4a12b. Cyp4a12a and Cyp4a12b have similar catalytic activity for 20-HETE production, with a V max value ϳ10 min Ϫ1 and a K m value ϳ20 -40 M. Furthermore, the -hydroxylase activity of AA for Cyp4a10 is ϳ25-to 75-fold lower than that of Cyp4a12 isoforms. Therefore, it is possible that one of the mouse Cyp4a isoforms is responsible for 20-HETE synthesis in MC38 cells.
To determine the action of 20-HETE in colon cancer cells, we demonstrated that HET0016 dose-dependently inhibited the growth and proliferation of MC38 cells (Figs. 3A and 4A) . Interestingly, a previous study (12) showed that overexpression of CYP4A1, a potent 20-HETE synthase, while having negligible ability to form EETs (12, 27) , induces hyperproliferative phenotype in human glioma cells (U251). They also demonstrated that elevated 20-HETE levels not only increases oxidative stress and promote angiogenesis, but also induce the phosphorylation of extracellular signal-regulated kinase-1/2, cyclin D-1/2, and vascular endothelial growth factor in U251 cells. Therefore, it is possible that 20-HETE stimulates proliferation of MC38 cells through similar molecular mechanisms. Importantly, we found that 20-HETE blockade did not affect the proliferation of NCM460 cells, a normal human colon mucosal epithelial cell line (Fig. 5 ). These data demonstrate that the action of 20-HETE is mainly mediated in the colon cancer cells rather than in normal colon cells.
To determine whether 20-HETE inhibition enhances the anti-tumor effects of COX-2 inhibitor in colon cancer cells, we addressed the question of whether the combined therapy with rofecoxib and HET0016 would have an increased inhibitory effect on the proliferation of colon cancer cells in vitro and tumor growth in vivo. Our data showed that, although monotherapy with either HET0016 or rofecoxib reduced the proliferation of MC38 cells and tumor growth, greater anti-proliferative and anti-tumor effects were obtained when rofecoxib was administered in combination with HET0016 (Figs. 4 and 6) .
Although the present study provided new information about the additional inhibitory effect of rofecoxib ϩ HET0016 on the growth of colon tumor, the exact mechanisms whereby this combination blocked tumor growth were still not known. It is possible that PGE 2 , the major COX-2-derived PG, was mainly present in the medium of MC38 cells (Fig. 2B) , which is consistent with the notions that PGE 2 is secreted by cancer cells, and that multidrug resistance protein-4 is involved in this process (32) . Thus the action of PGE 2 to promote MC38 tumor growth may have been mediated through its paracrine and autocrine action. It is well known that PGE 2 promotes the growth of CRC by stimulating angiogenesis and cell proliferation, as well as inhibiting apoptosis (42) . Therefore, it is possible that the enhanced inhibitory effect of rofecoxib by HET0016 (Fig. 6B ) on tumor growth was because this combination blocked both the paracrine/autocrine action of PGE 2 and mitogenic and angiogenic action (1, 12, 45) of 20-HETE in colon cancer cells. Moreover, because CRC is a heterogeneous disease, involving multiple dysregulated pathways (40, 42) , the cotreatment therapy with rofecoxib and HET0016 may increase therapeutic efficacy.
To determine whether 20-HETE inhibition reduces the adverse effects of rofecoxib on stroke during anti-tumor therapy, we addressed the following questions. Does prolonged use of rofecoxib elevate 20-HETE levels? If so, does 20-HETE inhibitor attenuate the adverse effects on stroke during antitumor therapy? We found that 3 wk of anti-tumor therapy with rofecoxib significantly increased circulating 20-HETE levels (Fig. 7) . This increase was highly selective because rofecoxib treatment did not affect levels of EETs/DHETs, 5-HETE, 8-HETE, 11-HETE, or 15-HETE (Fig. 7) . These results are consistent with the finding in a previous report (21) that, in C57BL/6J mice, the administration of rofecoxib causes greatly induction of 20-HETE levels without affecting circulating levels of LOX-and COX-derived eicosanoids.
The exact mechanisms whereby rofecoxib induces 20-HETE are still unknown. Since rofecoxib treatment does not affect the expression of Cyp4a in the liver and kidney of MC38 tumor mice (Fig. 7C) , the reason for the induction of circulating 20-HETE levels by rofecoxib (Fig. 7A ) may not be a consequence of the increases in endogenous 20-HETE synthesis. It is well established that 20-HETE can be metabolized by COXs into PGs, such as 20-OH PGE 2 and 20-OH PGF2-␣ (6, 21). Therefore, it is possible that the increase in 20-HETE levels induced by prolonged use of rofecoxib in vivo is caused by inhibition of the metabolizing pathways of 20-HETE by COX enzymes in brain microvessels. To test this possibility, we determined whether the cerebrovasculature has the capacity to carry out 20-HETE synthesis and metabolism. We found that COX-1, COX-2, and Cyp4a are expressed in HCMECL, RBMECs, and MBM (Fig. 8) , providing evidence that the cerebrovasculature is involved in 20-HETE synthesis and metabolism.
Although the clinical trials have established that regular use of coxibs over 10 -15 yr reduces the risk of CRC by 40 -50% (42), prolonged use of coxibs was associated with higher risk of stroke and cardiovascular events. Thus a great deal of effort has focused on reducing the side effects of coxibs. One approach to achieve this goal is to use lower doses of coxibs in combination with other complementary agents. Accumulating evidence has demonstrated that combination treatment provides better efficacy in anti-cancer therapy with coxibs. For example, combining celecoxib with sorafenib, a multikinase inhibitor, enhanced inhibition of the growth of hepatocellular carcinoma cells (24) . Combined therapy of rofecoxib with S-1, an oral fluoropyryzine drug, produced more potent efficacy to restrain liver metastasis of LM-H3 cells than each agent alone (39) ; and celecoxib combined with AEE788, a tyrosine kinase inhibitor, potentiated celecoxib-mediated inhibition of proliferation and angiogenesis in HCT 15 colon cancer cells (40) . In the present study, we showed that rofecoxib ϩ HET0016 provides better blockage of MC38 tumor growth than does rofecoxib alone (Fig. 6) . Therefore, combined treatment with rofecoxib and HET0016 could be clinically important for the treatment of CRC because it would allow the use of a lower dose of rofecoxib, which could reduce complications induced by its prolonged use.
To determine whether chronic treatment with rofecoxib causes the adverse effects associated with stroke, nontumor mice and MC38 tumor mice treated with vehicle, rofecoxib, or rofecoxib ϩ HET0016 were subjected to embolic stroke using a humanized clot model. HT, which is secondary bleeding into the brain after an ischemic event, is an important complication of ischemic stroke. Studies have shown that disability and death occur more frequently in ischemic stroke patients who develop HT (18) . We found that HT was significantly increased in rofecoxib-treated mice. Four out of the five animals in that group developed HT, whereas there was no visible bleeding in the other groups (Fig. 9) . Thus chronic administration of rofecoxib was associated with increased complications of ischemic stroke. These results are in agreement with clinical data showing long-term use of rofecoxib is associated with a risk of stroke (5, 36) . It is well known that 20-HETE is a potent vasoconstrictor of cerebral arteries (11) ; it also increases platelet aggregation and shortens bleeding time (21) ; it contributes to the development of cerebral vasospasm (35) ; it also contributes to neuronal cell death after ischemia-reperfusion injury (33) ; and it is involved in neuronal excitotoxicity in vivo (43) . It is possible that elevated levels of 20-HETE induced by rofecoxib during anti-tumor therapy (Fig. 7) trigger the detrimental action of 20-HETE in cerebral circulation, thereby causing the adverse effects associated with ischemic stroke. Notably, combined treatment with rofecoxib ϩ HET0016 attenuated the adverse effects associated with ischemic stroke induced by rofecoxib (Fig. 9 ). These results demonstrate that this combination therapy can enhance anti-tumor effects, but reduce deleterious cerebrovascular events. Since the relative degree of selectivity for COX-2 inhibition is rofecoxib ϾϾ celecoxib (2), further investigation is needed to determine whether combination therapy with 20-HETE inhibition and celecoxib is also effective to prevent celecoxib-induced side effects.
Previous studies documented that 20-HETE analogs, including WIT0013 and N- [20-hydroxyeicosa-5 Another report (44) demonstrated that WIT0013 increases cerebral vascular tone, whereas WIT002 attenuates 20-HETEinduced vasoconstriction response in vascular smooth muscle cells. Thus it will be interesting to determine the roles of 20-HETE analogs and antagonists in coxib-induced stroke event.
Perspectives and Significance
We have made the novel findings that 20-HETE is produced in colon cancer cells, where it promotes the proliferation of cancer cells and tumor growth. In vitro and in vivo, combined treatment with rofecoxib ϩ HET0016 displayed greater antiproliferative and anti-tumor effects than did rofecoxib alone. Our LC/MS/MS analysis supported the notion that prolonged use of rofecoxib increases circulating 20-HETE levels, which could trigger cerebrovascular events, during anti-tumor therapy. It appears that combination with rofecoxib and HET0016 significantly reduces rofecoxib-induced cerebrovascular damage and stroke outcomes. Therefore, this study provides a novel intervention strategy that concurrent inhibition of 20-HETE and COX-2 can not only enhance anti-tumor efficacy of coxibs, but also prevent coxib-induced adverse stroke events.
